Stepwise differentiation of epidermal cells is essential for development of stratified epithelium, but the underlying mechanisms remain unclear. Here, we show that Tbx3, a member of the T-box family of transcription factors, plays a pivotal role in this mechanism. Tbx3 is expressed in both basal and suprabasal cells in the interfollicular epidermis of mouse embryos. Epidermis-specific Tbx3 conditional knockout (cKO) embryos are small in size and display a thinner epidermis with an impaired barrier function. In the Tbx3 cKO epidermis, keratin 5-positive undifferentiated cells, which reside in both basal and suprabasal layers of wild-type embryos, are localized exclusively in the basal layer. In addition, mRNA expression levels of granular cell markers are increased in the Tbx3 cKO epidermis, suggesting that Tbx3 prevents premature differentiation of spinous cells. We further show that Tbx3 maintains the proliferative potential of basal cells and ensures their planar-oriented cell division. Moreover, Tbx3 is shown to be required for the expression of Hes1, a well-known Notch signaling target protein that is essential for epidermal development. We therefore propose that Tbx3 functions upstream of Hes1 to regulate proliferation and differentiation of basal and suprabasal cells during epidermal development.
Introduction
Skin is an essential barrier of the body, consisting of the outermost epidermis, interlayer of dermis and underlying hypodermis. The epidermis is a stratified epithelium with multiple layers of keratinocytes. At the early stage of epidermal development, a single layer of basal cells divides parallel to the underlying basement membrane. At the onset of stratification, basal cells begin to divide perpendicularly to the basement membrane via asymmetric cell division that evokes differentiation-committed suprabasal cells (Lechler & Fuchs 2005) . The suprabasal cells undergo stepwise differentiation that ultimately gives rise to the multiple layers of differentiated cells composing spinous layers, granular layers and the outermost stratum corneum (Blanpain & Fuchs 2009; Sotiropoulou & Blanpain 2012) .
Tbx3 is known to play critical roles in morphogenesis of developing organs (Davenport et al. 2003; Frank et al. 2012) . Heterozygous mutations of Tbx3 result in autosomal dominant ulnar-mammary syndrome in humans (Bamshad et al. 1997) , suggesting its conserved function in morphogenesis of mammals. In rodent embryos, Tbx3 is expressed in hepatic and cardiac progenitor cells of the developing liver and heart, and regulates their proliferation and differentiation during organogenesis (Suzuki et al. 2008; Lüdtke et al. 2009; Zhang et al. 2012) . In vitro studies of pluripotent mouse embryonic stem cells (mESCs) have shown that Tbx3 is essential for maintenance of self-renewal and pluripotency of mESCs (Niwa et al. 2009; Dan et al. 2013) , as well as differentiation commitment toward mesoderm lineages or extra-embryonic endoderm (Lu et al. 2011; Weidgang et al. 2013; Waghray et al. 2015) . Tbx3 also promotes germline transmission efficiency to improve the quality of induced pluripotent stem cells (Han et al. 2010) . Thus, Tbx3 governs stem cell properties and progenitor cell proliferation/differentiation both in developing embryos and cultured pluripotent stem cells in vitro. However, the precise functions of Tbx3 in epidermal development of embryonic skin remain unknown. In this study, we show that Tbx3 plays an essential role in epidermal development by regulating basal cell proliferation and suppressing precocious differentiation of spinous layers, which is necessary for epidermal barrier acquisition.
Results and discussion
To determine whether Tbx3 plays a role in epidermal development, we first examined the expression patterns of Tbx3 in mouse embryonic skin. At embryonic day (E) 14.5, when epidermal stratification partially initiates, Tbx3 was expressed at low levels in a subpopulation of basal cells (Fig. 1A ,B, E14.5). At E17.5, when the epidermis consists of proliferating basal cells and suprabasal cells that are committed to differentiation but are still proliferative, a population of Tbx3 + cells was increased in both basal and suprabasal cells (Fig. 1A ,B, E17.5). The population of Tbx3 + basal cells was decreased after birth by postnatal day 1 (P1), although the signal intensity of Tbx3 protein was higher in each Tbx3
+ basal cell at P1 compared with that in Tbx3 + basal cell at E14.5 or E17.5 (Fig. 1B,C) . Epidermal-specific Tbx3 conditional knockout mice (Tbx3 cKO; Tbx3 . We used Tbx3 floxed/floxed K14-CreERT +/+ littermate as a control. Injection of tamoxifen at E9.5-15.5 suppressed the expression of Tbx3 mRNA and significantly decreased the population of Tbx3 + cells in both basal and suprabasal layers at E17.5 in Tbx3 cKO embryos compared with control embryos (Fig. 1D-F) , confirming the presence of Tbx3 protein in basal and suprabasal cells during epidermal development.
Tbx3 cKO embryos exhibited a small body size and rounded back ( Fig. 2A) . Histology of dorsal skin tissues showed compromised epidermal stratification with a thinner epidermis in Tbx3 cKO embryos at E17.5 compared with control embryos (Fig. 2B,C) . To evaluate the barrier function of Tbx3 cKO mice, we carried out skin permeability assays using toluidine blue at E17.5 when back skin has acquired the barrier function (Hardman et al. 1998) . In contrast to control embryos (two of 18 embryos), the skin of Tbx3 cKO embryos (14 of 22 embryos) stained blue throughout the body, indicating a defect in the skin barrier of the Tbx3-deficient epidermis (Fig. 2D) . These results show that Tbx3 is necessary for epidermal development and epidermal barrier acquisition.
To gain an insight into the role of Tbx3 in epidermal development, we examined the expression patterns of an immature basal cell marker, keratin 5 (K5), and a spinous cell marker, keratin 10 (K10). In control embryos, K5 was expressed in both basal cells and the subpopulation of suprabasal cells (Fig. 3A) . However, in the Tbx3 cKO epidermis, K5 expression was restricted to the single basal layer, resulting in a thinner K5 + layer in the Tbx3 cKO epidermis compared with control embryos (Fig. 3A,B) . The Tbx3 cKO epidermis displayed flattened and slightly thinner K10
+ spinous layers compared with control embryos (Fig. 3A,C) , suggesting abnormal differentiation of spinous cells. Immunostaining of the E17.5 epidermis for a granular cell marker, involucrin, showed that the thickness of granular layers of the Tbx3 cKO epidermis was comparable with that of the control epidermis ( Fig. 3D ,E). However, more than two to three granular layers were positive for K10 in the Tbx3 cKO epidermis, whereas only a single granular layer was positive for K10 in the control epidermis ( Fig. 3D,E) . In addition, quantitative PCR (qPCR) analysis showed that the expression levels of granular cell markers involucrin and filaggrin as well as a cornified cell marker, loricrin, were increased significantly in the Tbx3 cKO epidermis at E17.5 compared with control embryos (Fig. 3F ). These results indicate that Tbx3 is required to suppress precocious differentiation of suprabasal cells.
Tbx3 cKO embryos manifested a small body size with a drastically thinner epidermis (Fig. 2) . These phenotypes seem unlikely to stem from the precocious differentiation of suprabasal cells. Therefore, we inferred whether epidermal expansion was compromised in the Tbx3 cKO epidermis. First, we found that a population of proliferative basal cells, which were positive for the proliferation marker Ki67, was significantly decreased in the Tbx3 cKO epidermis at E17.5 (Fig. 4A,B) . Next, we examined the orientation of basal cell division. During epidermal development, basal cells divide either planar oriented or perpendicularly to the basement membrane, which contribute to epidermal expansion and stratification, respectively (Lechler & Fuchs 2005) . To determine the cell division axis of basal cells, we stained control and Tbx3 cKO epidermises for the mitotic chromosome marker phospho-histone H3 and measured the angles between the cell division axis and basement membrane surface (Fig. 4C ). In the Tbx3 cKO epidermis, a population of basal cells undergoing planar-oriented cell division was decreased significantly, whereas perpendicular cell division was comparable with the control epidermis (Fig. 4D) , indicating that Tbx3 assures the planar-oriented cell division. These results suggest that Tbx3 is essential for epidermal expansion by maintaining the proliferative potential of basal cells and promoting their planar-oriented cell division.
It is well known that Notch signaling plays an essential role in epidermal development (Fuchs & Raghavan 2002; Okuyama et al. 2008; Massi & Panelos 2012; Nowell & Radtke 2013) . Previous studies Genes to Cells (2017) 22, 284-292 have shown that the transcription factor Hes1, one of the target genes of Notch signaling, regulates cell fate determination and maintenance of spinous cells (Blanpain et al. 2006; Moriyama et al. 2008) . The Tbx3 cKO skin phenotypes, including the thinner epidermis with precocious differentiation and attenuated proliferation of basal cells, recapitulate the phenotypes of the Hes1 KO embryonic epidermis (Moriyama et al. 2008) . Therefore, we next determined whether Tbx3 has functional relevance to Hes1. Consistent with the previous studies (Blanpain et al. 2006; Moriyama et al. 2008) , high expression levels of Hes1 protein were detected in suprabasal cells at E17.5 (Fig. 5A, control) . In the suprabasal layer, we found that majority of Hes1 + cells expressed Tbx3 ( Fig. 5C ; 61 AE 2%, mean AE SEM n = 100 cells/mouse from three mice). In addition, in the Tbx3 cKO epidermis, a population of Hes1 + cells was significantly decreased in the suprabasal layer ( Fig. 5A-C) . These results indicate that Tbx3 is required for the expression of Hes1 and suggest that the Tbx3 cKO skin phenotypes may be attributed to the loss of Hes1.
In this study, we show that Tbx3 plays a critical role in epidermal development. The Tbx3 cKO epidermis manifests various morphological abnormalities that closely resemble Hes1 KO epidermal phenotypes. Knocking out Tbx3 results in the loss of Hes1 expression, indicating that Tbx3 positively regulates Hes1 expression. Our results show that the correlation between Tbx3 and Hes1 is more evident in the suprabasal layer than basal layers. This result is consistent with a previous study showing that Hes1 plays a pivotal role in the maintenance of spinous cells, and The thickness of dorsal skin epidermis in control and Tbx3 cKO E17.5 embryos. The thickness of epidermis was measured at three regions in each section from three nonsibling embryos, and the average thickness was calculated for each section. In control embryos, which display irregular surfaces, the epidermal thickness was measured at peak regions. Data represent the mean AE SEM (n = 3 embryos from nonsiblings); *P < 0.05, analyzed by two-tailed t-test. (D) Skin permeability assays by toluidine blue staining of control and Tbx3 cKO E17.5 embryos. it indirectly regulates basal cell proliferation through noncell autonomous signaling from suprabasal cells (Moriyama et al. 2008 ). Therefore, the major role of Tbx3 in Hes1 expression may occur in suprabasal cells. However, the Tbx3-mediated expression of Hes1 is likely indirect because Tbx3 functions as a transcriptional repressor. Although we did not identify the Tbx3 target genes that control Hes1 expression, the Tbx3 ChIP-seq data in a previous study showed enrichment of Tbx3 at the genomic region of transducin-like enhancer of split 3 (TLE3) in mESCs (Han et al. 2010) . Because TLE3 is a Data represent the mean AE SEM (n = 3 embryos from nonsiblings, n > 100 cells/embryo); *P < 0.05, analyzed by the two-tailed t-test. (C) Images of a mitotic cell in E17.5 epidermis from control and Tbx3 cKO embryos immunostained with anti-b4integrin and anti-phosphohistone H3 antibodies, counterstained with Hoechst. White lines indicate the cell division axis. (D) Percentages of cell division orientation in control and Tbx3 cKO epidermis that are perpendicular to basement membrane (90°AE 30°, black bars), parallel (planar) to basement membrane (0°AE 30°, white bars), or others (gray bars) are plotted. Data represent the mean AE SEM (n = 3 embryos from nonsiblings, n = 10-17 cells/embryo); *P < 0.05, analyzed by the two-tailed t-test. transcriptional co-repressor that directly interacts with Hes1 (Cuevas et al. 2005) , and the members of this family function in the Notch signaling pathway during embryonic development (Kageyama et al. 2007) , it would be possible that Tbx3 promotes Hes1 expression through TLE3.
This study suggests that Tbx3 governs proliferation and differentiation of epidermal progenitor cells during embryonic development. Therefore, Tbx3-mediated regulatory mechanisms of epidermal progenitor cell properties would be valid targets for skin regeneration or anti-aging strategies.
Experimental procedures

Animals and genetic experiments
Mice were maintained on a C57BL/6 genetic background. Tbx3 floxed/floxed mice (a kind gift from Anne Moon, Weis Center for Research, University of Utah) were bred with K14-CreERT mice (005107; Jackson Laboratory, Bar Harbor, Maine, USA). To induce Tbx3 depletion in mouse embryonic skin, pregnant mice were administrated tamoxifen (Sigma, St Louis, MO, USA, 3 mg dissolved in 100 lL corn oil) every day during 9-15 days postcoitus. All experiments were carried out in accordance with the guidelines of Kyoto University Regulation on Animal Experimentation.
Immunohistochemical analysis of mouse tissues
Skin tissues were cryoprotected in 20% sucrose/PBS and frozen in optimal cutting temperature compound. The samples were sectioned and then subjected to immunostaining. To detect Ki67 and Tbx3, tissue samples were fixed with 4% paraformaldehyde, followed by permeabilization with 0.5% Triton X-100 in TBS for 15 min at room temperature. The sections were blocked with 5% bovine serum albumin at room temperature for 1 h, incubated with primary antibodies at 4°C overnight, washed, and then incubated for 1 h with secondary antibodies [Alexa Fluor 488-or 546-conjugated goat anti-rabbit, anti-mouse, anti-rat, anti-guinea pig (Molecular Probes, Eugene, OR, USA), Alexa Fluor 488-conjugated antichicken and Cy3-conjugated anti-rabbit (Jackson ImmunoResearch, West Grove, PA, USA)]. The following primary antibodies were used: anti-Ki67 (rabbit, 1 : 500; Novus, Littleton, CO, USA), anti-Tbx3 (rabbit, 1 : 200; Abcam, Cambridge, MA, USA; goat, 1 : 100, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Hes1 (rabbit, 1 : 100; Santa Cruz Biotechnology; guinea pig, 1 : 200; Baek et al. 2006) , anti-K5 (rabbit, 1 : 1000; Covance, Denver, PA, USA), anti-K10 (mouse, 1 : 200; Millipore), anti-involucrin (rabbit, 1 : 500; Genes to Cells (2017) 22, 284-292 Covance), anti-phospho-histone H3 (rabbit, 1 : 100; Millipore Darmstadt, Germany) and anti-b4-integrin (rat, 1 : 1000; BD Pharmingen, San Diego, CA, USA).
qRT-PCR
Total RNA was isolated with the RNeasy Micro Kit (QIA-GEN, Valencia, CA, USA) according to the manufacturer's instructions. The total RNA (1 lg) was reverse transcribed with random primers, and the obtained cDNA was subjected to qRT-PCR analysis using a KAPA SYBR â FAST Universal 
Skin permeability assay
Embryos were rinsed in PBS and incubated for 1 min in methanol, followed by incubation for 30 min in 0.1% toluidine blue O (WALDECK). Skin barrier activity was evaluated by the degree of dye penetration.
